Objectives: To evaluate the audiometric results of primary stapes surgery in patients with otosclerosis and to determine predictors of a postoperative air-bone gap (ABG) of 10 dB or less and a postoperative gain in air conduction (AC) exceeding 20 dB.
O
TOSCLEROSIS IS CHARACterized by disordered bone remodeling in the region of the otic capsule, located primarily between the cochlea and the vestibule and just anterior to the footplate of the stapes. 1, 2 In 2001, Declau et al 3 published their findings in an unselected series of temporal bones and calculated that clinical otosclerosis has a prevalence of 0.3% to 0.4% among the white ethnic population. Absolute numbers in 2009 in the United States and the Netherlands can be extrapolated to 860 000 and 50 000, respectively. It is important to distinguish histologically demonstrated otosclerosis (without symptoms) from clinical otosclerosis (with symptoms like hearing loss and vertigo). Histologically demonstrated otosclerosis is about 10 times more common than clinical otosclerosis. 1 Stapes surgery is a treatment option for hearing loss resulting from otosclerosis and has proved to be an effective and safe intervention. [4] [5] [6] [7] [8] However, postoperative results show large variability. Among large series of stapedotomies, reported airbone gap (ABG) closure (closed to Յ10 dB) varied from 94% (n = 2368) to 75% (n=861). 6, 7 Patient characteristics, surgical experience, and intraoperative findings may be considered potential prognostic factors affecting postoperative audiometric results. Studies 4-7,9-11 have described the effectiveness of stapes surgery. Two of these reported 10 potential prognostic factors, but only 1 factor was investigated at a time: Ueda et al 10 found that a small preoperative ABG resulted in better postoperative ABG closure at frequencies under 1 kHz, while Gerard et al 11 identified no variables that were prognostic among the factors that they studied.
Given the variability among patients and in the cause, presentation, and treatment of diseases and other health states, a single predictor or variable rarely gives an adequate estimate of prognosis. Physicians implicitly or explicitly use multiple predictors to estimate a patient's prognosis. Therefore, prognostic studies need to use a multivariate approach in design and analysis to determine important predictors of the studied outcomes, to give outcome probabilities for different combinations of predictors, or to provide tools to estimate such probabilities. These enable care physicians to use combinations of predictor values to estimate an absolute risk or probability that an outcome will occur in an individual. 12 A postoperative ABG of 10 dB or less could be considered the primary outcome measurement in the stapes surgery literature 6, 7, 9 and should be included in a prognostic model evaluating this procedure. However, it is also important to include the postoperative gain in air conduction (AC) because it reflects the degree of success in restoration of middle ear hearing transmission function. 5 A reduction in the ABG could reflect improved AC, deteriorated bone conduction (BC), or a combination of the change in AC and BC. As potential predictors affecting postoperative ABG and postoperative gain in AC, we selected sex, age at surgery, bilateral otosclerosis, and preoperative 4-frequency (0.5, 1, 2, and 4 kHz) ABG, AC, and BC. The selection was based on data in the literature, 10, 13 clinical expertise, and available information from routine clinical practice.
Therefore, we performed a multivariate prognostic study among patients with otosclerosis who underwent primary stapes surgery. We determined predictors of 2 outcome measurements, a postoperative ABG of 10 dB or less and a postoperative gain in AC exceeding 20 dB.
METHODS

PATIENTS
We performed a retrospective cohort study among 939 patients. These patients underwent primary stapes surgery at a specialized tertiary referral center in Utrecht, the Netherlands, between January 1, 1982, and March 1, 2009.
SURGICAL PROCEDURE
An endaural procedure was performed in all the patients. A stapedectomy was used in 2.7% of cases; a small fenestra stapedotomy was used in the others. The fenestration was performed in most patients using the micropick technique described by Marquet.
14 Potassium titanyl phosphate laser use was introduced at our center in 2007. The surgical procedures were performed by 2 of us (R.A.T. and W.G.). Various prostheses were used ( Table 1) .
AUDIOMETRIC ASSESSMENT
Audiometric evaluation included preoperative and postoperative ABG, AC, and BC thresholds. Postoperative follow-up data were collected 3 months after surgery, which is the first regular follow-up visit at our institution. We used a 4-frequency puretone mean for ABG, AC, and BC thresholds. Audiometry results were reported according to American Academy of Otolaryngology-Head and Neck Surgery Foundation guidelines, 15 except for thresholds at 3 kHz, which were substituted in all cases with those at 4 kHz. In our series, we focused on 0.5, 1, 2, and 4 kHz because of the availability of these data. It has been shown that the percentage of patients with a postoperative ABG of 10 dB or less will increase using the mean thresholds of 0.5, 1, 2, and 3 kHz instead of 0.5, 1, 2, and 4 kHz. 6 
OUTCOME PREDICTORS
On the basis of data in the literature, clinical expertise, and available information from routine clinical practice, the following baseline candidate predictors were selected: sex, age at surgery, bilateral otosclerosis, and preoperative ABG, AC, and BC. We aim to use the prognostic model during preclinical assessment; therefore, we only included predictors that were available at the time of diagnosis.
12
STATISTICAL ANALYSIS
To evaluate the effect of primary stapes surgery in patients with otosclerosis, preoperative and postoperative audiometric results were compared. Paired-samples t test was used.
The association between each prognostic factor and the presence of a postoperative ABG of 10 dB or less or a postoperative gain in AC exceeding 20 dB was examined using univariate logistic regression analyses. Predictors that were associated with the outcome in univariate analyses (PϽ.10) were included in multivariate logistic regression analyses. The model was reduced by exclusion of predictors with PϾ.05. The predictive ac- curacy of the models was estimated on the basis of their reliability using the Hosmer-Lemeshow goodness-of-fit test. 16 The ability of a model to discriminate between patients was estimated as the area under the receiver operating characteristic curve of the model. 17 The receiver operating characteristic curve area is a suitable variable to summarize the discriminative or predictive value and can range from 0.5 (no discrimination, like the flip of a coin) to 1.0 (perfect discrimination). In addition, we calculated absolute risks of a postoperative ABG of 10 dB or less or a postoperative gain in AC exceeding 20 dB across combinations of independent predictors.
MISSING VALUES
Information was available for 82.4% of the predictor variables and for 71.3% of the outcome variables. Data are seldom missing at random; it has been shown that removal of participants with a missing value for 1 of the predictors studied (complete case analysis) commonly leads to biased results and certainly to loss of power. 18, 19 To decrease bias and to increase statistical efficiency, it is better to impute missing data than to perform a complete case analysis. 20, 21 Accordingly, we imputed the missing data for each trial using multiple imputation (SPSS 17.0 for Windows; SPSS, Inc, Chicago, Illinois). Such imputation is based on the correlation between each variable with missing values and all other variables, as estimated for the set of participants with complete data.
RESULTS
Nine hundred thirty-nine patients with otosclerosis underwent primary stapes surgery between January 1, 1982, and March 1, 2009. Preoperative and postoperative audiometric data were available for 666 of them. The mean (SD) age of the total cohort was 41.4 (11.5) years and ranged from 9 to 74 years, with 36.6% male and 63.4% female. The operated ears comprised 49.3% left ears and 50.7% right ears. Introduction of the potassium titanyl phosphate laser at our institution in 2007 resulted in 1.5% of the surgical procedures being performed using this modality. A total of 85.2% of patients were operated on by one of us (R.A.T.), and 14.8% of patients were operated on by another of us (W.G.). Otosclerosis was bilateral in 31.1% of patients. Table 1 summarizes characteristics of the total cohort (N=939) and of patients with preoperative and postoperative audiometric data available (n=666) (ie, those without missing values). No substantial differences were observed between the groups.
PREOPERATIVE AND POSTOPERATIVE AUDIOMETRIC EVALUATION AMONG 666 PATIENTS
Preoperative and postoperative audiometric data (n=666) are summarized in 
PROGNOSTIC MODEL BASED ON A POSTOPERATIVE ABG OF 10 dB OR LESS
Among 666 patients, 72.1% (n=480) had a postoperative ABG of 10 dB or less, and 93.8% (n=625) had a postoperative ABG of 20 dB or less. Age at surgery and preoperative ABG and AC were univariate and independent predictors of a postoperative ABG of 10 dB or less. The prognostic model showed a good fit (P = .97, HosmerLemeshow goodness-of-fit test), and the area under the receiver operating characteristic curve was 0.62 (95% CI, 0.57-0.67). Table 3 gives absolute risks of a postoperative ABG of 10 dB or less with certain combinations of independent predictors. A patient older than 40 years with a preoperative ABG exceeding 30 dB has a 67.9% chance of achieving a postoperative ABG of 10 dB or less, whereas a patient 40 years or younger with an ABG exceeding 30 dB has a 60.6% chance. Analysis of the data using multiple imputation showed similar results. 
PROGNOSTIC MODEL BASED ON A POSTOPERATIVE GAIN IN AC EXCEEDING 20 dB
Among 666 patients, 55.9% (n = 372) had a postoperative gain in AC exceeding 20 dB, and 44.1% (n=294) had a postoperative gain in AC of 20 dB or less. Univariate predictors of a postoperative gain in AC exceeding 20 dB were preoperative ABG, AC, and BC. Independent predictors of a postoperative gain in AC exceeding 20 dB were preoperative ABG and AC. The prognostic model showed a good fit (P=.34, Hosmer-Lemeshow goodnessof-fit test), and the area under the receiver operating characteristic curve was 0.80 (95% CI, 0.77-0.83). Table 4 gives absolute risks of a postoperative gain in AC exceeding 20 dB with certain combinations of independent predictors. A patient with a preoperative AC exceeding 50 dB and a preoperative ABG exceeding 30 dB has an 86.2% chance of achieving a postoperative gain in AC exceeding 20 dB, whereas a patient with a preoperative AC of 50 dB or less and a preoperative ABG exceeding 30 dB has a 69.0% chance. Analysis of the data using multiple imputation showed similar results.
COMMENT
Three months after primary stapes surgery for otosclerosis, 72.1% of patients had a postoperative ABG of 10 dB or less, and 93.8% of patients had a postoperative ABG of 20 dB or less. Age at surgery and preoperative ABG were independent prognostic determinants of achieving a postoperative ABG of 10 dB or less. Preoperative ABG and AC were independent prognostic determinants of achieving a postoperative gain in AC exceeding 20 dB.
Our results are in agreement with Kisilevsky et al, 6 who reported a mean postoperative ABG of 10 dB or less in 75.2% (n=861) of their patients using the mean thresholds at 0.5, 1, 2, and 4 kHz. However, the authors reported a mean follow-up period of 16.4 months (range, 0.25-117 months) compared with a mean follow-up period of 3 months in our series. Our results are not in agreement with Vincent et al, 7 who reported a mean postoperative 4-frequency ABG of 10 dB or less in 95.5% (n=1838) of their patients using the mean thresholds at 0.5, 1, 2, and 4 kHz, with a follow-up period of less than 1 year (range, 3-11 months).
The authors also reported long-term audiometric results per year and showed that the percentage of patients with a postoperative ABG of 10 dB or less was consistently around 96%. Among patients in their study, 95.6% (n=800) had a mean postoperative ABG of 10 dB or less at a mean follow-up period of 1 year (range, 12-18 months). There is large variability in surgical outcomes. Possible explanations are surgical technique and surgical experience. 22, 23 For example, Vincent et al 7 interpositioned a vein graft 24 between the fenestration and the prosthesis among patients in their series, representing one of the largest samples of patients with otosclerosis in the literature. Our prognostic model is in agreement with results by Marchese et al, 13 who also found that age and preoperative ABG were the strongest predictors of postoperative success. However, they evaluated prognostic factors affecting gain in ABG, which is different from actual postoperative ABG. These outcome measurements are related, but a gain in ABG does not necessarily result in a postoperative 4-frequency ABG of 10 dB or less. Our finding that a smaller preoperative ABG increases the chance of better postoperative ABG closure is also congruent with findings by Ueda et al. 10 In 2003, Welling et al 25 published an article about predictive factors in stapes surgery, but they focused on pediatric patients only. Our results (Table 3) show that older patients (Ͼ40 years) have a slight advantage over younger patients (Յ40 years) in achieving a postoperative ABG of 10 dB or less. This finding is in contrast to Marchese et al, 13 who reported that older patients (Ն50 years) had a lower probability of a good functional outcome after stapedotomy. There is a clear correlation between patient age and degree of advanced otosclerosis. However, based on the present results, we are unable to explain the operative mechanism between patient age and pathologic otosclerosis.
The major strength of our study is that we were able to identify independent prognostic factors affecting postoperative ABG of 10 dB or less or postoperative AC gain exceeding 20 dB. These prognostic factors were combined and translated into absolute risks for patients. The cutoff points in Tables 3 and 4 (age and preoperative ABG and AC) were used for applicability of absolute risk tables in our clinic during preclinical assessment. The mean age of the study cohort was 41.4 years; therefore, we used 40 years as a cutoff for age at surgery. A preoperative ABG of 30 dB was used because it renders a patient eligible for a hearing device. In other words, a patient with primary otosclerosis and an ABG of 30 dB could choose between primary stapes surgery or a hearing device. The mean preoperative AC was 52 dB; therefore, we used 50 dB as a cutoff for preoperative AC. The actual prognostic model (multivariate logistic regression analysis) was unaffected by cutoff points and only shows which factors significantly affect the chances of achieving a postoperative ABG of 10 dB or less and a postoperative gain in AC exceeding 20 dB. To our knowledge, this is the first publication focusing on such a prognostic model and its related absolute risks in primary stapes surgery.
Some possible limitations should also be discussed. First, about 18% of the predicting variables and 29% of the outcome variables were missing, which might lead to bias and loss of power. 18, 19 However, the results after using multiple imputation were in agreement with the complete case analyses. Second, because other surgeons may operate on slightly different patients or use other techniques and because surgical skills might differ among surgeons, our results may not be directly applicable to other clinics and surgeons. Third, the method of reporting audiometry results in stapes surgery could affect the final results. 9 We expect that the results of this study will improve understanding of prognostic characteristics among patients with otosclerosis who undergo primary stapes surgery.
In conclusion, following primary stapes surgery, postoperative ABG of 10 dB or less and postoperative gain in AC exceeding 20 dB may be predicted with accuracies of 62.1% and 80.1%, respectively. The chance of achieving a postoperative ABG of 10 dB or less was 1.3 times higher in patients older than 40 years with a preoperative ABG of 30 dB or less compared with patients 40 years or younger with a preoperative ABG exceeding 30 dB. The chance of achieving a postoperative gain in AC exceeding 20 dB was 2.5 times higher in patients having a preoperative AC exceeding 50 dB and a preoperative ABG exceeding 30 dB compared with patients having a preoperative AC of 50 dB or less and a preoperative ABG of 30 dB or less. Clinicians can use these factors to inform patients more explicitly about expected postoperative audiometric results. Author Contributions: Drs Bittermann, Rovers, Tange, and Grolman had full access to all the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis. 
